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Light-regulated protein kinases STN7 and STN8 phosphorylate thylakoid membrane proteins and
also affect expression of several chloroplast proteins via yet unknown mechanisms. Comparative
phosphoproteomics of acetic acid protein extracts of chloroplasts from Arabidopsis thaliana wild
type, stn7, stn8 and stn7stn8 mutants yielded two previously unknown ﬁndings: (i) neither STN7
nor STN8 kinase was required for phosphorylation of Ser-48 in Lhcb1.1–1.3 proteins; and (ii) phos-
phorylation of Thr-451 in pTAC16 protein was STN7-dependent. pTAC16 was found distributed
between thylakoids and nucleoid. Its knockout did not affect the nucleoid protein composition
and the Thr-451 phosphorylated protein was excluded from the nucleoid. Thr-451 of pTAC16 is con-
served in all studied plants and its phosphorylation may regulate membrane-anchoring functions of
the nucleoid.
Structured summary with protein interactions:
RPOC2, RPOB, pTAC3, emb2746, RPOC1, pTAC2, pTAC12, pTAC16, pTAC5, pTAC14, RPOA, pTAC13,
pTAC15 and pTAC6 colocalize by mass spectrometry studies of complexes (View interaction)
PsbH, Lhcb4,1, Lhcb4,2, STN7, D1, D2, CP43, TSP9, CaS, PsaP, Alb3, PsbL, Rubisco, Unknown, Unknown,
OEP6, pTAC16, PGRL1A, Unknown, Unknown and PsbQ colocalize by mass spectrometry studies of
complexes (View interaction)
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction ylation of the PGRL1-A protein [9]. However, it is likely that theseLight is the ultimate source of energy transduction and a key
modulator of regulatory protein phosphorylation in photosynthetic
thylakoid membranes of plant chloroplasts [1]. In model plant Ara-
bidopsis thaliana there are two light-regulated protein kinases, STN7
and STN8, associated with thylakoid membranes [2,3]. STN7 is
important for phosphorylation of the light harvesting complex II
(LHCII) proteins and essential for the process of photosynthetic
state transitions [4]. Beside this, STN7 is also involved in long-term
adaptations via regulation of chloroplast gene expression [5]. The
STN8 kinase is responsible for light-dependent phosphorylation of
photosystem II (PSII) proteins, which is important for the turnover
of light-damaged PSII [6] and for the natural macroscopic folding of
the thylakoid membranes [7,8]. STN8 has also been proposed to
have a role in the ﬁne-tuning of cyclic electron ﬂow via phosphor-chemical Societies. Published by E
arvesting complex II; LC–MS,
s spectrometry; PEP, plastid-
r).two thylakoid protein kinases have more substrates. Large-scale
phosphoproteomic analyses of Arabidopsis identiﬁed about 200
phosphorylated chloroplastic proteins distributed between all
compartments of this organelle [10–13]. Phosphorylation of pro-
teins in the plastid-encoded RNA polymerase (PEP) and in the trans-
criptionally active chromosome (TAC), also known as nucleoid, was
suggested to be important for regulation of plastid gene expression
[14]. Several of these proteins were found phosphorylated by casein
kinase 2 (CK2) [15–17]. The thylakoid protein kinases also affect
plastid and nuclear gene expression [5]; however, the nature of
phosphorylated proteins involved in these processes remains
unknown.
In this study, we made a comparative phosphoproteomic anal-
ysis of Arabidopsis wild type and mutant plants deﬁcient in STN7
and STN8 using fast chloroplast preparations followed by acid
extraction of proteins. This acid treatment assured rapid inactiva-
tion of protein phosphatases and kinases preserving naturally
phosphorylated proteins which we analyzed by protein digestion,
TiO2 chromatography and mass spectrometry (MS). We ﬁnd that
phosphorylation of Thr-451 in the nucleoid-associated protein
pTAC16 is strictly STN7-dependent and reveal new characteristicslsevier B.V. All rights reserved.
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thylakoid kinase and the transcriptionally active chromosome of
chloroplasts.2. Materials and methods
2.1. Plant material
Arabidopsis thaliana wild-type (ecotype Columbia-0) plants and
three kinase mutants, stn7 (SALK 073254 [2]), stn8 (SALK 060869
[3]) and the double mutant stn7stn8 [7] were grown hydroponi-
cally [18] at 20–22 C under a 8/16 h light/dark photoperiod at a
light intensity of 150 lmol of photons m2 s1. Two mutant lines
with T-DNA-inserts in the ptac16 gene (SALK 118227c and SALK
057443c) were received from the Salk Institute collection. Homo-
zygous lines were screened for by PCR analysis using pTAC16 gene
speciﬁc primers (Left border primer (LP): 50-GTT TAA CCG GAG AAA
ACC GAG and right border primer (RP): 50-TTT CTC CGG AGA GAA
ATC CTC for SALK 118227c. LP: 50 TAC GAA TTT GGT GGC GTT
TAG and RP: 50- GCT TCT TCC TCT GCT CTT TCC for SALK
057443c) and a T-DNA speciﬁc primer (50-TGG TTC ACG TAG TGG
GCC ATC G-30). The absence of pTAC16 at the protein level was ver-
iﬁed by immunoblotting using the pTAC16-speciﬁc antibody.
2.2. Extraction of proteins for chloroplast phosphoproteomics
Chloroplasts were isolated by grinding of leaves from ﬁve weeks
old plants in chloroplast preparation medium (330 mM sorbitol,
25 mM Tricine pH 7.8, 1 mM EDTA, 10 mM KCl, 4 mM ascorbic
acid, 7 mM L-cysteine) and ﬁltered through four layers of cheese
cloth. Filtrate was centrifuged 1000g for 5 min and the pellet was
resuspended in three volumes of glacial acetic acid with addition
of MgCl2 to a ﬁnal concentration of 33 mM, homogenized in a pot-
ter grinder and vortexed for 30 min. Sample was centrifuged at
14,000g for 10 min and the supernatant was pressed through a
1.0 lm glassﬁber preﬁlter. Protein concentration was measured
using the Bradford method. Proteins were precipitated by addition
of ﬁve volumes of acetone and resuspended in 50 mM NH4HCO3.
2.3. Tryptic digestion of proteins and enrichment of phosphopeptides
Proteins were reduced with 4 mM DTT for 60 min at 56 C and
alkylated with 12 mM iodoacetamide for 60 min at room tempera-
ture. Protein digestion was performed by the addition of sequenc-
ing grade-modiﬁed trypsin from Promega (Madison, WI, USA) and
incubation at 37 C for 20 h. Enrichment of phosphorylated
peptides was made by TiO2 afﬁnity chromatography using the
Titansphere Phos-TiO Kit (GL Sciences Inc.) according to the man-
ufactures instruction.
2.4. Mass spectrometric analysis
Analysis of the enriched phosphopeptides was done using a
nano-ﬂow HPLC system (EASY-nLC; Bruker Daltonics) with online
mass spectrometer HCTultra PTM Discovery System (Bruker Dal-
tonics) using the earlier described setting [19]. The online tandem
MS analyses were made using alternating collision-induced disso-
ciation and electron transfer dissociation fragmentation of peptide
ions. Four biological replicas from wild type and stn7stn8 and three
from the stn7 and stn8 mutants were subjected to phosphopeptide
enrichment and following LC–MS analyses. Peak lists were created
from the raw data using Bruker Daltonics DataAnalysis 3.4 (Bruker
Daltonics, Bremen, Germany) and the resulting MGF ﬁles were
used to search for proteins in NCBInr (Arabidopsis thaliana 64929
sequences) using Mascot Server 2.3 (www.matrixscience.com).The search parameters allowed mass errors up to 0.5 Da for MS
data, and up to 0.5 Da for MS/MS data in case of CID of peptide
fragments and 1.2 Da in case of ETD of peptide fragments. Two
missed cleavage sites were permitted. N-terminal protein acetyla-
tion and serine, threonine or tyrosine phosphorylation were se-
lected as variable modiﬁcations. Signiﬁcance threshold in the
MASCOT searches was set at p < 0.01 and ‘‘False discovery rates’’
were below 1%. Phosphorylated peptides were considered reliable
if the MS/MS spectra had a MASCOT score above 35 and an expect
value below 0.01.
2.5. Chloroplast fractionation
Chloroplasts were isolated as above and resuspended in 10 mM
Tricine pH 7.8, 5 mM MgCl2 to lyze the chloroplasts. The soluble
stroma was separated from the membrane fraction by centrifuga-
tion at 6000g for 4 min. The membrane fraction was solubilized
using 2% Nonidet P-40 (ﬁnal concentration in the suspension con-
taining 0.5 mg of chlorophyll/mL) for 30 min with stirring. The
sample was centrifuged (6000g; 4 min), supernatant containing
solubilized thylakoids and a white pellet were collected. For treat-
ment of the membrane fraction with DNAse prior to solubilization,
the initial pellet containing 50 lg of chlorophyll was resuspended
in 100 lL of 50 mM Tris–HCl, pH 7.6, 5 mMMgCl2, 3 mM CaCl2 and
incubated with 40 U of DNAse for 30 min at room temperature.
2.6. Isolation and identiﬁcation of chloroplast nucleoid proteins
Chloroplasts were isolated from 2.5 g of Arabidopsis leaves as
above but with 330 mM sorbitol, 50 mM HEPES KOH pH 8.0,
2 mM EDTA-Na2, 5 mM ascorbic acid and 5 mM L-cysteine as chlo-
roplast preparation medium. Nucleoids were then prepared as in
[20]. Isolated chloroplasts were resuspended in nucleoid isolation
buffer containing 17% w/v sucrose, 20 mM Tris–HCl, pH 7.6,
0.5 mM EDTA, 1.2 mM spermidine and 7 mM 2-mercaptoethanol,
and stirred with addition of Nonidet P-40 to a ﬁnal concentration
of 2%. After 30 min of incubation, the solution was cleared by cen-
trifugation at 3000g for 10 min. The supernatant was centrifuged
again for 40 min at 48,000g. The supernatant was removed and
the pellet was resuspended in nucleoid isolation buffer with 2%
Nonidet P-40 and centrifuged once more at 48,000g. Final pellet
was resuspended in SDS sample buffer and proteins were sepa-
rated by SDS–PAGE and stained with Coomassie brilliant blue.
Stained protein bands were excised, in-gel digested with trypsin
essentially as described in [21] and analyzed by LC–MS. For com-
parison of pTAC16 distribution between the wild type and stn7
mutant, 1 mL of solubilized chloroplasts corresponding to 50 lg
of chlorophyll were used for nucleoid isolation by ultracentrifuga-
tion to assure equal amounts of initial material. For phosphopep-
tide detection in nucleoid samples, 10 mM NaF was included in
the nucleoid isolation buffer.
2.7. DNAse treatment of nucleoids and immunoblotting analysis
The nucleoid pellet obtained after the ﬁrst centrifugation step at
48,000g was resuspended in 50 mM Tris–HCl, pH 7.6, 5 mMMgCl2,
3 mM CaCl2 and split in two. One of the samples was incubated
with 40 U of DNAse at room temperature for 30 min before addi-
tion of nucleoid isolation buffer/Nonidet P-40 and the second cen-
trifugation at 48,000g. 5% of the ﬁnal pellets were loaded on an
agarose gel to observe the presence of DNA. Isolated proteins were
also separated on SDS–PAGE and the presence of pTAC16 in the
samples was analyzed by immunoblotting. Immunoblotting was
performed as described before [22]. Polyclonal antibody to pTAC16
was raised against a synthetic peptide corresponding to residues
454–467 of the full pTAC16 sequence (Innovagen, Lund, Sweden).
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3. Results and discussion
3.1. Phosphoproteomics
To make a comparative phosphoproteomic analysis we isolated
chloroplasts from the wild type, stn7, stn8 and stn7stn8 mutants of
Arabidopsis and extracted proteins by acid. The proteins were di-
gested by trypsin, phosphorylated peptides were enriched by
TiO2 chromatography and analyzed using LC–MS. We isolated
chloroplasts from leaves harvested during the middle of the day,
as well as in the end of the dark phase of the photoperiod. In four
biological replicas of the wild type plants we found 27 phospho-
peptides (Supplementary data 1) from 22 chloroplastic proteins
listed in Table 1. The largest group of the identiﬁed peptides orig-
inated from proteins located within the thylakoid membrane (e.g.
LHCII proteins, PSII proteins, STN7 etc.), but we also found phos-
phorylated peripheral thylakoid membrane protein TSP9 [23], stro-
ma proteins (Rubisco activase, proteins predicted to be involved in
gene regulation, proteins with yet unknown functions) as well as
proteins predicted to be located in the envelope (OEP6). The major
difference between the samples from the leaves harvested during
day and night was in the fact that the N-terminal peptide Ac-
RKtVAKPK (Table 1) from LHCII proteins was phosphorylated onlyTable 1
Phosphopeptides detected in Arabidopsis wild type and in the stn7, stn8 and stn7stn8 mut
peptide are shown. The right column indicates in which mutants the peptide was not detec
terminal acetylation.
Protein name TAIR ID Phosphopeptide sequence
PsbH ATCG00710 AtQTVEDSSR
AtQtVEDSSR
Lhcb1.1
Lhcb1.2
Lhcb1.3
Lhcb1.5
AT1G29920
AT1G29910
AT1G29930
AT2G34420
Ac-RKtVAKPK
Lhcb1.1
Lhcb1.2
Lhcb1.3
Lhcb1.4
Lhcb1.5
AT1G29920
AT1G29910
AT1G29930
AT2G34430
AT2G34420
GPSGsPWYGSDR
Lhcb4.1 AT5G01530 [NLAGDVIGTRTEAADAK]a
Lhcb4.2 AT3G08940 FGFGtKK
[NLYGEVIGTRTEAVDPK]a
STN7 AT1G68830 tVTETIDEISDGR
tVTEtIDEISDGR
D1 ATCG00020 Ac-tAILER
D2 ATCG00270 Ac-tIALGK
CP43 ATCG00280 Ac-tLFNGTLALAGR
TSP9 AT3G47070 EGTTTGGRGtVR
KVDEKEGtTTGGR
CaS AT5G23060 SGtKFLPSSD
PsaP AT2G46820 ATtEVGEAPATTTEAETTELPEIVK
AttEVGEAPATTTEAETTELPEIVK
Alb3 AT2G28800 DTVELVEESQSESEEGsDDEEEEA
PsbL ATCG00560 Ac-tQSNPNEQSVELNR
Rubisco activase AT2G39730 GLAYDtSDDQQDITR
Unknown AT3G52230 EATGDDDQKDDDEDDQssDGH
OEP6 AT3G63160 [DKSDSDDATVPPPSGA]a
pTAC16 AT3G46780 VQVAtVR
PGRL1A AT4G22890 [ATTEQSGPVGGDNVDSNVLPYC
Unknown AT4G01150 [ASSEETSSIDTNELITDLK]a
Unknown AT3G19900 SIVDDEGNLDNsDDEEKESLDDK
PsbQ AT4G05180 FYIQPLsPTEAAAR
a The exact position of the phosphorylated residue was not determined.during the day, while Rubisco activase was found phosphorylated
only during the night.
3.2. STN7 and STN8 independent serine phosphorylation of LHCII
proteins
All phosphorylated peptides listed in Table 1 have been identi-
ﬁed from the wild type Arabidopsis leaves in the earlier studies
[9,11,24]. However, our comparative phosphoproteomic analysis
revealed two previously unknown facts. First, we found that a ser-
ine phosphorylation of several LHCII proteins (Table 1, Fig. 1A) was
not dependent on either STN7 or STN8 (Fig. 1C) and it was found
from both day and night harvested leaves. Second, phosphorylation
of pTAC16 (Fig. 1B) was STN7-dependent (Fig. 1C). Finding of LHCII
phosphorylation that does not depend on either light or the STN7
protein kinase was really surprising. The well described phosphor-
ylation of LHCII at the threonine residues [1,2,4], see also Table 1,
does not occur in darkness or in the absence of STN7. Bioinformat-
ics analysis identiﬁes phosphorylated serine residue in several iso-
forms of Lhcb proteins (Table 1). In the Lhcb1.1–3 proteins this
residue is situated at the position 48 of the initial translation prod-
uct. In the Lhcb1.4 and in the Lhcb1.5 proteins this serine residue
correspond to amino acid 47 and 46, respectively. In the mature
LHCII proteins this serine residue is located 9–10 amino acid resi-
dues downstream from the phosphorylated threonine. Notably, in
several experiments we also found alternative phosphorylation ofants. The mass over charge ratios (m/z), Mascot ion score and expect values for each
ted. Phosphorylated residues are marked with a lowercase s or t and ‘Ac-‘ indicates N-
m/z Score/E-value Not found in
587.2 68/7.3e-05
627.3 55/0.0014
350.6 47/0.0094 stn7
stn7stn8
673.3 79/5.1e-07
594.7 92/4.1e-07 stn7stn8
432.8 50/0.0032 stn7
stn7stn8
648.0 80/7e-06 stn7stn8
758.4 68/9.3e-05 stn7
stn7stn8798.3 73/2.7e-05
824.4 36/0.0094 stn7stn8
724.4 37/0.0091
678.4 72/0.00057 stn7stn8
424.6 62/0.00011 stn7
stn7stn8486.6 55/0.00053
559.7 51/0.0036 stn7stn8
1334.6 114/1.3e-09 stn7stn8
1374.6 95/3e-07
R 969.7 95/3.2e-7 stn7stn8
869.4 83/2.9e-06 stn7stn8
889.4 84/2.5e-06
ED 899.9 78/1.5e-05
819.8 65/0.00021
426.7 47/0.00045 stn7
stn7stn8
SINK]a 1401.6 91/1.9e-06 stn8
stn7stn8
1067.1 75/2.7e-05 stn8
stn7stn8
887.7 86/4e-05
822.5 70/6e-05
Fig. 1. Mass spectrometric analyses of phosphorylated peptides from Lhcb1 and
pTAC16 isolated from the wild type, stn7, stn8 and stn7stn8 mutants of Arabidopsis.
(A) Collision induced fragmentation spectrum of the phosphorylated peptide
corresponding to amino acid positions 44–55 of Lhcb1.1–1.3 isoforms. Positions of
the N-terminal fragment ions (b) and C-terminal ions (y) are indicated together
with the mass over charge ratio m/z = 673.3 of the parent ion and corresponding
signal with the neutral loss of phosphoric acid ([M+2H]-H3PO42+). The fragment
ions with the neutral loss of phosphoric acid are labeled with asterisk. The
phosphorylated serine residue in the peptide sequence is indicated by lowercase s,
and its position is localized according to the combination of fragment ions b5⁄, b3,
y7 and y8⁄ in the spectrum. (B) Collision induced fragmentation spectrum of the
phosphorylated peptide corresponding to amino acid positions 447–453 of pTAC16.
Positions of the parent ion with m/z = 426.7 and of the corresponding ion with the
neutral loss of phosphoric acid ([M+2H]–H3PO42+) are indicated. The phosphory-
lated threonine residue in the peptide sequence is indicated by lowercase t. (C) LC–
MS extracted ion chromatograms showing intensities of the phosphorylated
peptide signals from Lhcb1 and pTAC16 detected in the samples from the wild
type, stn7, stn8 and stn7stn8 mutants, as indicated.
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of Ser-48 (Fig. 1A) was predominant. The function of this phos-
phorylation is unknown, as well as the nature of the responsible
protein kinase. At present we can state that the serine phosphory-
lation of LHCII does not depend on the thylakoid kinases STN7 and
STN8, and the sequence around this residue does not correspond to
the CK2 phosphorylation motif [11].
3.3. STN7-dependent phosphorylation of pTAC16
In the mutants lacking STN7 we did not ﬁnd ﬁve phosphory-
lated proteins: Lhcb1.1–3, STN7, TSP9, Lhcb4.2 and pTAC16 (Table
1). STN7-dependent phosphorylation of TSP9 has been known only
from in vitro study [23], and we provide the evidence for similar
in vivo phosphorylation of this protein. STN7-dependent phos-
phorylation of Lhcb1 and Lhcb4.2 has also been reported [19,25].
However, our ﬁnding of the pTAC16 protein phosphorylation
exclusively in plants expressing STN7 is novel. The sequencing of
the pTAC16 peptide (Fig. 1B) maps the phosphorylated threonine
to position 451 in the initial translation product of this protein.
Extensive LC–MS analyses of the samples from the four different
genotypes identiﬁed pronounced signals corresponding to this
phosphorylated peptide only in the wild type and stn8, but not in
stn7 and in stn7stn8 (Fig. 1C). The phosphorylated Thr-451 had ear-
lier been found in the large-scale phosphoproteomic analysis of
Arabidopsis [11], which also identiﬁed additional phosphorylated
sites in pTAC16. However, phosphorylated Ser-395, Ser-432, Thr-
436 and Thr-444 had been detected only in 1 out of 6 biological
replicas analyzed in this original study [11] and we did not detect
them in our preparations as well. Bioinformatics analysis of Arabid-
opsis pTAC16 predicts a 52 kDa protein with a 19 residues-long
chloroplast transit peptide (Fig. 2A). The N-terminal part of theFig. 2. Sequence analysis of pTAC16. (A) Overall domain organization of pTAC16
with indication of chloroplast targeting transit peptide (cTP), nucleotide binding
Rossmann fold domain and C-terminal domain that can be found only in plant
proteins. The position of the threonine residue phosphorylated in STN7-dependent
manner is indicated by an arrow. (B) Sequence alignment of pTAC16 from different
plants demonstrating conservation of the identiﬁed phosphorylated threonine,
indicated by an arrow. The numbers correspond to amino acid positions in the
sequence of each protein. (C) Sequence alignment of pTAC16 with Lhcb1.1, Lhcb2.1
and TSP9 proteins from Arabidopsis, known to be phosphorylated in a STN7-
dependent manner, in close proximity to the phosphorylated threonine indicated
by an arrow. The alignments in B and C were made using ClustalW2 and Boxshade
programs and shading represents the degree of conservation at each position,
taking into account similar physicochemical properties of the residues.
Fig. 3. Localization of pTAC16 in thylakoids. (A) Immunoblotting of proteins from
chloroplasts (c), soluble stroma (s) and initial membrane pellet (i) fractions using
antibodies against pTAC16, Rubisco and Lhcb1 proteins, as indicated. (B) Release of
pTAC16 from the initial membrane pellet (i) with increasing concentrations of NaBr,
as indicated, and immunoblotting analysis of the supernatant (s) and pellet (p) with
the pTAC16-speciﬁc antibody. The initial membrane pellet was mixed with NaBr
during 30 min prior to centrifugation. (C) Solubilisation of thylakoids in the initial
membrane pellet (i) with Nonidet P-40 (NP40) and detection of pTAC16 in the green
supernatant (s) and white pellet (p) obtained after centrifugation. Immunodetec-
tion was done with antibody against pTAC16 or with the control antibody against
Lhcb1, as indicated. (D) Release of pTAC16 from the initial membrane pellet (i) by
combined treatment with DNAse and NP40. Immunodetection in the supernatant
(s) and the pellet (p) was done with either antibody against pTAC16 or the antibody
against Lhcb1, as indicated.
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nlm.nih.gov/Structure/cdd/cddsrv.cgi?ascbin=8&maxaln=10&sel-
type=2&uid=198970&querygi=5541681&aln=3,92,0,44,149,44,35,
184,81,26), which could be found in many prokaryotic and eukary-
otic proteins with nucleotide binding abilities. The C-terminal half
of the protein is however speciﬁc to plant pTAC16 polypeptides
(Fig. 2A). This plant-speciﬁc domain of pTAC16 also harbors the
phosphorylated Thr-451 that is well conserved among different
plants (Fig. 2B). Comparison of the amino acid sequences contain-
ing threonine residues phosphorylated in STN7-dependent manner
(Fig. 2C) reveals a valine residue present in pTAC16, TSP9, Lhcb1
and Lhcb2. This is the only exact sequence identity found in the
vicinity of phosphorylation sites of these four proteins which are
not phosphorylated in the stn7 and stn7stn8 mutants.
3.4. Localization of pTAC16 in chloroplasts
pTAC16 had been found in preparations of transcriptionally
active chromosomes [26]. It also co-migrated with the plastid-
encoded RNA polymerase (PEP) after size exclusion chromatogra-
phy of megadalton complexes from the chloroplast stroma of
Arabidopsis [27]. However, the study of PEP protein composition
did not ﬁnd pTAC16 as a core PEP subunit [28] and recent proteo-
mic analyses of maize chloroplasts identiﬁed pTAC16 in both
nucleoid and membranes of mesophyll chloroplasts and proplast-
ids [29,30]. Its distribution pattern was similar to the MFP1 and
TCP34 proteins, believed to anchor DNA to the thylakoid mem-
brane, and the authors proposed a similar role for pTAC16 [30].
To examine the localization of pTAC16 in chloroplasts we gener-
ated an antibody speciﬁc to this protein. Immunoblotting analysis
with this antibody identiﬁes a 52 kDa band in the crude prepara-
tion of Arabidopsis chloroplasts. After fractionation of chloroplasts
into soluble stroma and initial membrane pellet pTAC16 was found
only in the pellet (Fig. 3A). Since pTAC16 does not have any pre-
dicted transmembrane domains we tried to wash away the protein
from the initial membrane fraction using increasing concentrations
of NaBr. However, even after the treatment with 2 M NaBr and cen-
trifugation a signiﬁcant amount of pTAC16 was still found in the
membrane fraction (Fig. 3B). At the next step we made solubiliza-
tion of the thylakoid membranes by a detergent Nonidet P-40. This
treatment of the initial membrane pellet resulted in complete sol-
ubilization of thylakoids, conﬁrmed by Lhcb1-speciﬁc antibody
(Fig. 3C). Nevertheless, 30–40% of pTAC16 was still present in the
white pellet, suggesting an interaction of this protein with some-
thing else besides the thylakoid membrane (Fig. 3C). pTAC16 con-
tains a potential nucleotide-binding domain (Fig. 2A), and it was
also found associated with transcriptionally active chromosome
[26]. Thus, we decided to treat the initial membrane pellet with
DNAse. Treatment with only DNAse was not enough to release
pTAC16 from the membrane fraction. However, when DNAse treat-
ment was combined with Nonidet P-40 solubilization we were ﬁ-
nally able to release all pTAC16 from the pellet fraction (Fig. 3D).
The combined set of immunoblotting data, shown in Fig. 3, sug-
gests distribution of pTAC16 between thylakoid membranes and
chloroplast nucleoid.
3.5. pTAC16 associates with nucleoid but is not essential for its
composition
We isolated two Arabidopsismutant lines with T-DNA insertions
in the ptac16 gene. Neither of these lines had visible phenotypic
difference from wild type when grown under normal conditions.
We also isolated chloroplast nucleoids from the wild type and
one of the mutants using the earlier described procedure [20].
The proteins from these nucleoid preparations were then sepa-
rated on SDS–PAGE and analyzed by LC–MS after in-gel digestionwith trypsin. The nucleoid proteins, including pTAC16, identiﬁed
in our analysis are indicated in Fig. 4A. The list of the sequenced
peptides from these proteins is presented in Supplementary data
2. At the difference from the wild type, nucleoids from the ptac16
mutant did not contain pTAC16. This was the only difference ob-
served from the Coomassie stained gel (Fig. 4A), indicating that
pTAC16 is not essential for nucleoid formation and composition.
Immunoblotting analyses with the pTAC16 speciﬁc antibody also
conﬁrmed the absence of this protein in the mutant (Fig. 4A lower
panel). Treatment of the isolated nucleoid from the wild type with
DNAse resulted in almost complete removal of both DNA, detected
by etidium bromide staining, and pTAC16, detected with immuno-
blotting, from the ﬁnal pellet after the second ultracentrifugation
(Fig 4B).
3.6. Exclusion of phosphorylated pTAC16 from the nucleoid fraction
Our experimental data provide evidence for distribution of
pTAC16 between thylakoid membranes and chloroplast nucleoid.
In order to investigate the distribution of phosphorylated pTAC16
between these fractions we analyzed phosphoproteome of the
nucleoid isolated in the presence of the phosphatase inhibitor
NaF. The nucleoid proteins were digested by trypsin, phosphory-
lated peptides were enriched by TiO2 chromatography and
analyzed using LC–MS. Surprisingly, we did not detected phosphor-
ylated pTAC16 in any of the three biological replicas of isolated
Fig. 4. Localization of pTAC16 in nucleoid. (A) Coomassie stained gel with indicated nucleoid-associated proteins identiﬁed by LC–MS after SDS–PAGE and in-gel digestion of
nucleoid samples isolated from the wild type and ptac16mutant (upper panel). Lower panel represents an immunoblot with the pTAC16-speciﬁc antibody showing the lack of
pTAC16 in the mutant. (B) Analyses of nucleoid samples that were treated (+) or not treated () with DNAse prior to the second ultracentrifugation. The resulting pellets were
analyzed by ethidium bromide staining of DNA in the agarose gel (upper panel) and using pTAC16 immunoblotting (lower panel). (C) Spectral counting of phosphorylated
peptides from pTAC16, Lhcb1, pTAC10 and emb2746 in phosphopeptide enriched samples from the total acetic acid extracts (Table 1) and from the isolated nucleoids. The
data are averages (+/ standard deviation) from four biological replicas. N.D. means that the phosphorylated peptide was not detected; ⁄ and ⁄⁄ indicate that the peptide was
found only in one or two out of four biological replicas, correspondingly. (D) Immunoblotting analyses of pTAC16 and Lhcb1 in initial chloroplast samples (i), supernatants
after solubilization with NP40 and ultracentrifugation (s) and in the pellets containing nucleoid (p) from wild type and the stn7mutant. The loading of initial chloroplast and
supernatants samples corresponded to 0.4 lg of chlorophyll, the loading of the pellets corresponded to 1 lg of protein.
1270 B. Ingelsson, A.V. Vener / FEBS Letters 586 (2012) 1265–1271nucleoid, while it was detected in all four biological replicas in the
phosphoproteomic analysis of the chloroplast proteins extracted by
acetic acid (Table 1). Spectral counts analysis presented in Fig. 4C
show the absence of phosphorylated pTAC16 in the nucleoid frac-
tion, although pTAC16 was an abundant protein in this sample. In
all biological replicas of the nucleoid fraction we found phosphory-
lated peptides from two nucleoid-associated proteins pTAC10
(AT3G48500) and emb2746 (AT5G63420) (Supplementary data
1). These proteins were found phosphorylated only in one and
two biological replicas of the acetic acid extracts, respectively, indi-
cating lower abundance in these preparations (Fig. 4C). On the con-
trary the phosphorylated peptide GPSGsPWYGSDR from Lhcb1, the
marker of the thylakoid membrane, was found exclusively in the
acetic acid extracts, like the phosphorylated peptide from pTAC16
(Fig. 4C). A recent mapping of nucleoid-associated proteins found
that pTAC16 had a similar distribution pattern as the DNA-anchor-
ing proteinMFP1 [30]. The DNA-binding ability of MFP1 is inhibited
by phosphorylation of MFP1 by CK2 [17]. Our ﬁnding that phos-
phorylated pTAC16 is excluded from the nucleoid fraction suggests
a possible similar inhibition of pTAC16 binding to DNA upon the
STN7-dependent phosphorylation. Isolation of nucleoids from thewild type and stn7 mutant revealed a small but reproducible rela-
tive increase in the amount of immunodetected pTAC16 in the
stn7 nucleoids (Fig. 4D). These results are in line with the data pre-
sented in Fig. 4C, which show that the pTAC16 phosphorylated pep-
tide was not found in the nucleoid of the wild type.
Our comparative phosphoproteomic analysis of Arabidopsis
chloroplasts from the wild type, stn7, stn8 and stn7stn8mutants re-
vealed that phosphorylation of the pTAC16 protein at Thr-451 de-
pends on the presence of the STN7 protein kinase. STN7 is the
light-regulated enzyme activated by reducing compounds in thyla-
koid membranes [4] and it is also involved in regulation of chloro-
plast gene expression [5]. Our data support the earlier suggestion
that pTAC16 could anchor DNA to the thylakoid membrane [30]
and we propose that STN7-dependent phosphorylation of pTAC16
may affect the membrane interaction of nucleoid.Acknowledgements
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